The behaviour of positively and negatively charged oil-in-water emulsions, stabilized with hexadecyl trimethyl ammonium bromide and sodium hexadecyl sulphate respectively in the presence of protein solutions has been studied.
Recent work on the significance of emulsification of fat in intestinal absorption (Frazer 1943; Frazer, Schulman & Stewart 1944) , the structure of the chylomicron in the blood (Elkes, Frazer & Stewart 1939) , and the reversible detoxication of snake venom and bacterial toxins by oil-in-water emulsions (Frazer & Walsh 1934 Frazer & Stewart 1940) has encouraged a quantitative approach to the study of the charged oil/water interface in relation to proteins by the use of surface physico chemical methods.
The behaviour of protein molecules when they are brought into relation with an air/water or oil/water interface has been extensively studied. The protein molecule has three main possible configurations dependent upon its position in the water phase before or after adsorption or when it is fixed at the interface. The effects of these changes in structure on the biological activity of the protein molecule is of im port ance. If the oil/water interface is in the form of a finely dispersed oil-in-water emul sion, the adsorption of the protein to this interface results in changes in dispersion and stability of the emulsion. Changes of this nature in the particulate fat in the body may have biological significance. The object of this paper is to put forward evidence of the pH conditioning and the reversible nature of adsorption at the charged oil/water interface in oil-in-water emulsions. Evidence of structural changes in the haemoglobin molecule after adsorption is given and the preferential adsorption of one protein from a mixture of two proteins is described. The possible significance of these observations is discussed.
T e c h n iq u e
Emulsions and interfaces
The emulsions used throughout the experiments described were 5 % olive oil or paraffin emulsions, except where otherwise stated. 0 2 % of stabilizer was used in these emulsions, and they were prepared using the apparatus described by Frazer & Walsh (1933) . The particle size was of the order of 0-5/jl which gives an oil/water interfacial area of approximately 0-6 sq.m./c.c. of emulsion.
The stabilizer used to give a negatively charged interface was sodium hexadecyl sulphate, and hexadecyl trimethyl ammonium bromide was used to give a positively charged interface. The 0-2 % concentration of stabilizer was chosen since most of the agent would thus be at the interface and not in the continuous phase. I t further ensures a saturated interfacial film of the stabilizer.
Protein solutions
Solutions of the serum proteins were prepared by fractional ammonium sulphate precipitation and dialysis against distilled water; 0*6 % NaCl was used for y globulin. The albumin fraction was recrystallized by the method of Adair & Robinson (1930) . The oxyhaemoglobin was prepared by lysis of washed cells with distilled water, centrifugation and subsequent dialysis against distilled water. A small number of experiments have been made using carboxyhaemoglobin. The concentration of the protein solutions was determined by Adair's refractometric method and by microKjeldahl. The haemoglobin concentration was determined by colorimetry and protein estimation. The structure of the molecule was studied by spectroscopy, determination of osmotic pressure and molecular weight, sedimentation constant, solubility and colour tests as described in the text.
The serum proteins used for most experiments were from the horse, and the fractions were derived from Burroughs and Wellcome's no. 3 horse serum. A small number of experiments were conducted with human protein fractions. The haemo globin used was from human red cells and a series has also been studied using sheep haemoglobin.
Buffer solutions
The buffer range studied was pH 3*5-10*0. The buffers used had the following composition, and were all adjusted to a concentration sufficient to buffer against strong protein solutions. The pH of all buffers and mixtures was checked by glass electrode measurements:
Range pH 3*5-4*8, Sorensen's citrate/HCl. Range p H 4*8-5*5, Sorensen's citrate/NaOH. Range pH 5*8-8*6, dihydrogen phosphate/NaOH. Range pH 8*0-10*0, Boric acid/NaOH. These buffers were compiled from the formulae given by Clark (1928) . Di-and triphosphates in acid solution were avoided in the buffer range, since the polyvalent anions would discharge the positive interface formed by hexadecyl trimethyl ammonium bromide and break these emulsions.
Flocculation method and criteria
The buffer and protein solutions were mixed, and to this was immediately added the emulsion. After mixture, the tubes were kept a t room temperature and examined macroscopically with the hand lens and microscopically with dark-ground illumina tion. Observations were repeated every hour for 3 hr. and finally after 24hr., which allowed for maximum clarification in flocculated specimens. The following pheno mena were observed:
(a) No change: the whole tube appeared as a homogeneous milky fluid. Under dark-ground the particles were seen to be single and discrete and in violent Brownian movement.
(b) Flocculation: the particles aggregated in clumps and these could be seen macroscopically like pepper grains on the side of the tube if it was tilted. Later these clumps * lifted ' and formed a thick white layer with no free oil a t the top of the tube while the subnatant fluid clarified and became water clear. Under dark-ground these particles were seen in clumps but the individual particle size did not change. There was no Brownian movement (figure 2B, plate 4).
(c) Breaking of the emulsion: the particles ran together and formed a cream on the top of the fluid. Gradually free oil was seen on the side of the tube and finally a layer of free oil separated a t the top. Under dark-ground, coalescence and an increase in size of the oil particles could be seen. There was no Brownian movement. W ith coloured proteins such as haemoglobin a further aid to interpretation was afforded by the transference of the pigment with the protein from the continuous phase to the interface or vice versa. subnatant fluid was obtained in 24 hr. The changes appeared immediately and became more pronounced overnight. The results of these experiments with albumin a, /?, and y globulin and haemoglobin are shown in figure 1 and figure 3 A, B, plate 4. Probable isoelectric points for the proteins are respectively pH 4-65, 5-2, 6-4 and 6-9 as determined by other methods (Svedberg & Pedersen 1940) . The isoelectric points determined by this method show identical figures for serum albumin and haemo globin, but are somewhat higher for the globulins, being 5*8 and 6*8 respectively. I t can be seen th a t flocculation occurred with each protein on the acid side of its iso electric point if a negatively charged interface was used, and on the alkaline side with a positively charged interface. No change was found on the alkaline and acid sides of the isoelectric point with negatively and positively charged surfaces respectively within the stability ranges of these proteins.
2. The effect of protein concentration and interfacial area on the flocculation phenomenon Numerous series of mixtures were studied with variable protein content and constant interfacial area and using constant protein with varying emulsion con centration. (table 1) The point of maximum clarification of the subnatant fluid was found to be when 2*5 mg. of protein was added per sq.m, of interfacial area. Identical results were obtained with both negative and positive interfaces a t appropriate pH levels to give flocculation and also in experiments in which the protein was kept constant and the interfacial area was varied. At threshold or greater concentration of protein there was no breaking of the emulsion. a t the surface. The normal emulsion was resistant to this same pH. The breaking can be accelerated if the flocculated emulsion particles are resuspended in fresh buffer a t the same pH.
T a b l e 2
Flocculation at threshold level.
Constant protein, variable interfacial area. pH 4*6.
Protein: sheep's haemoglobin.
Interface: 5 % olive oil emulsion, stabilized with 0*2 % sodium hexadecyl sulphate. 0-9 c.c. of a 1/15,000 haemoglobin solution in each tube.
Emulsion diluted progressively as indicated, and 0*1 c.c. of dilutions added to corresponding tubes.
Flocculation occurs throughout. (i) When a constant amount of emulsion was added to varying concentrations of haemoglobin only a threshold or possibly a double threshold concentration allowed of complete clearing of haemoglobin from the subnatant fluid. Owing to the decrease in the interfacial area by flocculation, greater amounts of haemoglobin were not adsorbed.
(ii) When a 5 % emulsion was added to a strong haemoglobin solution (2 %), ad sorption of greater amounts of haemoglobin up to approximately 20 mg./sq.m. of interfacial area occurred. This might be due to the greater area available before flocculation could be effective.
3. Effect of sodium chloride concentration Two effects have been observed: (а) Increasing concentration of NaCl displaced the flocculation range towards the alkaline side with a negative interface and to the acid side with a positive inter face causing an overlap of the two flocculation ranges. This phenomenon can be easily demonstrated with albumin or y globulin, but only slight overlapping occurs with a and /? globulins. A gradation of overlapping is obtained with increasing concentration of sodium chloride from 1 to 5 %. The maximum overlapping obtained with 5 % sodium chloride is 1 unit of pH.
(б) When sodium chloride was added to the variable protein concentration series (table 1) a lowering of the clarification threshold concentration of protein was demonstrated. Thus in the absence of sodium chloride, the clarification threshold occurred with the haemoglobin concentration of 2*5 mg./sq.m. of interfacial area, while in the presence of 1 % sodium chloride, the threshold was found to be 1*7 mg. of protein per sq.m, of interfacial area.
Desorption of protein from the interface
This has been studied with haemoglobin since observation was facilitated by the pigment. The haemoglobin was adsorbed to a negatively charged interface a t a pH of 5-0. The resultant red floccules were washed thoroughly in buffer solution at pH 5-0. They were then transferred into a buffer solution a t pH 10-0. Redispersion of the emulsion occurred and the fluid became red. This was centrifuged a t 10,000 r.p.m. and the emulsion formed a whitish layer a t the top, while the deep red pigment was seen in clear solution below. Adsorption and subsequent desorption readily occurred when concentrated solutions were used. If a threshold concentration of protein was used, desorption only occurred after repeated washing and centrifuging in an alkaline buffer, the emulsion breaking towards the end of the experiment. Since breaking also occurred in control emulsions repeatedly centrifuged without protein at pH 10, it was concluded th a t the stabilizing soap film was removed by this procedure. The desorbed pigmented material has been studied in order to determine what changes, if any, have occurred in the molecular structure as a result of adsorption to and desorption from the oil/water interface. The results of these investigations are shown in table 3. The sedimentation diagram obtained from the ultracentrifuge is shown in figure 5 (plate 5). The conclusion arrived at from these investigations was th a t human and sheep haemoglobin was changed by adsorp tion into pure soluble parahaematin (Keilin 1926).
Preferential adsorption of protein from a mixture of two proteins
A mixture of haemoglobin and albumin was taken and placed in a buffer solution a t pH 5-5. Flocculation occurred and the floccules were red in colour; the subnatant fluid was decolorized. When these floccules were removed by centrifugation and further emulsion was added to the subnatant fluid no fresh flocculation occurred, but if the pH of the subnatant fluid was changed to 4*6, white flocculation readily occurred owing to adsorption of the albumin. The proteins can be readily desorbed from the oil/water interface by transference into an alkaline, buffer.
D is c u s s io n
I t has been shown th at the results of a study of molecular interactions at an air/ water interface can be directly applied to phenomena occurring at an oil/water interface, or at an emulsion particle interface (Schulmap & Cockbain 1940) . Nearly all proteins spread, or can be made to spread, by suitable dispersion in solutions of alcohols and salts, at the air/water interface and better at the oil/water interface in the form of a monolayer over a large range of pH in the underlying solution. This process entails a radical alteration in the structure of the protein molecule, which has been considered by many workers in this field to be an irreversible change (Langmuir & Waugh (1940) ; Langmuir & Schaefer (1939) ). The experimental results show th at adsorbed proteins can readily be made to go back into solution again, although the structure of the adsorbed protein in the various cases quoted has still to be established. The protein molecule has three main configurations. The Structure of the regenerated protein in relation to the other two forms, and the biological activity of a protein molecule in these three configurations are of considerable interest.
Form I. Before adsorption
There is evidence from ultracentrifuge studies th at the protein molecule in solution is globular or nearly globular in form, with the ionized carboxyl and amine groups at the end of short hydrocarbon chains orientated into the aqueous solution, and the associating non-polar side chains orientated towards the centre of the large molecule. The charge and isoelectric points of the protein molecule are directly related to the ratio of the positive NH3 and negative COO ionic groups at the end of their side chains.
Thus on the acid side of this isoelectric point, suppression of the ionization of the carboxyl ion takes place and the protein molecule behaves as a positively charged colloid. Conversely on the alkaline side the protein behaves as a negatively charged colloid.
Form
I I . Adsorbed protein When a protein molecule of the above description comes into contact with an oil/water or air/water interface, the non-polar portions of the molecule will be separated from the polar and ionic groups owing to the strong asymmetric field a t the interface. Thus, the molecule with other unrolled molecules, forms a triplex monolayer. The non-polar side chains will be pulled towards the oil p/hase or air, and the side chains with the ionic or polar groups towards the water phase, leaving the ketoamido backbone in between. The protein molecules will adlineate to one another according to the stresses placed on the valence linkages by this separation of the non-polar portions (due to the asymmetric field at the interface) and the in tra molecular association of these groups (Schulman & Cockbain 1939) .
The approach of a protein molecule to a charged oil/water interface is more specific than a t the uncharged oil/water interface. A t the air/water interface where the surface is covered by a monolayer which does not interact with an injected protein solution, no change as measured by surface potentials, surface pressure, surface viscosity, or rigidity takes place. Examples are: serum proteins injected under lecithin (Hughes 1935) or long-chain ester films (Schulman, unpublished) . I f the proteins can associate with the film-forming molecules, penetration of the inter facial films takes place with radical changes in the above-mentioned film properties (Schulman, unpublished).
I t is a known fact th a t if protein is adsorbed from a solution to the interface of either oil/water or air/water, the adsorbed film can become thicker than th a t of a monolayer obtained by the surface-spreading technique. The structure of the pro teins in these thick layers is of great interest. W hether these thick layers are unrolled proteins in a laminated monolayer form, or due to adsorption in a globular form, or primarily a monolayer followed by a globular adsorption, will be discussed later (Danielli & Davson 1943) .
Form III. Desorbed protein
If surface pressure is exerted on an interfacial protein film, besides increase in surface concentration, two things may occur; the molecule may be forced back into solution again, or it may become so involved with its neighbouring molecules th a t the interfacial film collapses, forming pleats and rolls. These pleats and rolls, having a hydrophilic core with the non-polar side chains on the outside, can be spun off the surface as threads which do not spread again on the aqueous solution (Schulman & Cockbain 1939) . Tlje ease with which a protein molecule can be pushed back into solution again is dependent on its size and on the lipoid content of a mixed film. Thus it has been shown that, in a 20 % cholesterol mixed protein film, the protein molecule can be readily forced back into solution again without the film crumpling (Schulman & Rideal 1937) . Desorption of a protein molecule from a charged oil/water interface can be brought about in a much more convenient way than a t the air/water or uncharged oil/water interface. This is achieved by simply suppressing the ionization of the associating group of opposite sign and the bringing into action the repulsive forces between ions of like sign. Another method is to break the emulsion by removal of, or interference with, the stabilizing agent. The structure of the desorbed protein has been investigated by determination of its molecular weight, shape (sedimentation constant), and, if pigmented, by its absorption spectrum and, if biologically active, by comparable biological tests with the unadsorbed protein.
I t will be seen from the experimental results th a t these general principles of the behaviour of protein molecules a t an oil/water interface can be applied to the study of the reactions which occur when protein solutions are mixed with finely dispersed oil-in-water emulsions. If an emulsion is used in which the oil particles are stabilized with a soap so th a t the oil globule carries either a positive or a negative charge, adsorption of the protein to the interface is indicated by flocculation of the emulsion particles. This flocculation is due to the reduction of the surface charge on the oil particle. Brownian movement ceases and repellent forces between individual particles no longer exist. The oil particles will, however, remain as separate and discrete globules provided th a t there is a sufficiently large concentration of protein present.
A number of factors affecting the adsorption of protein, consequent flocculation and the stability of the flocculated particles have been studied from the experimental results. The most im portant factors can be seen to be: The reaction of the con tinuous phase, the relative concentrations of protein to interfacial area, the nature of the stabilizing agent and the presence of electrolytes, and the molecular weight of the protein.
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Effect of reaction of continuous phase
If protein solutions are taken a t concentrations above 2mg./sq.m. of emulsion interface over the whole range of pH from 4 to 10 for negatively and positively charged emulsions, adsorption, as signified by flocculation of the emulsions, occurs at pH levels below the isoelectric point for negative interfaces, and above this point for positive interfaces. No flocculation occurs above the isoelectric point of the proteins for negative interfaces or below for positive interfaces.
For serum proteins with a molecular weight up to approximately 70,000, the change-over from adsorption to no adsorption over a pH range is very sharp. With high molecular weight proteins such as y globulin there is an overlap. This might be due to the size of molecule giving it extra Van der Waals associating forces as com pared with a smaller molecule; this would enable it to adsorb against a small surface charge. The overlap with y globulin is about 1*5 pH units on either side of its iso electric point of pH 6-8. I t will be seen th at serum albumin in distilled water gives a sharp change-over at the isoelectric point of pH 4-65. The addition of electrolyte to the albumin creates a flocculation overlap at the isoelectric point similar to th at seen with y globulin 0-6 % of NaCl solution. A pH shift of 1 on either side of the isoelectric point is obtained with a 5 % concentration of sodium chloride. This may be due to the effect of electrolyte reducing the £ potential and thus extending the flocculation range.
The effect of protein concentration
The initial flocculation of the emulsion occurs a t a protein concentration of approximately 1 mg./sq.m, of oil/water interface. This concentration is th a t a t which a protein film forms a coherent monolayer a t the air/water interface. Alex ander & Teorell (1939) show from surface studies of proteins at the uncharged oil/ water interface th a t the oil can expand the protein monolayer uniformly beyond the point of a coherent monolayer which would be formed a t an air/water interface. These expanded protein films are fluid but the gelation point remains the same at air/water and oil/water interfaces. The flocculated emulsion with this low protein concentration breaks up into large oil droplets (figure 4, plate 5), and it is significant th a t the protein monolayers a t low surface pressures are fluid and possess'low vis cosity as compared with a protein film a t its equilibrium spreading pressure where it is a strong gel. Thus the oil droplets have become discharged by adsorption of the protein monolayer, but the protein coat around the droplets a t this surface con centration is too fragile to stop the discharged oil droplets from coalescing. A t a protein concentration of 2-5 mg./sq.m. of interface a firmly gelled monolayer is formed. The emulsion is flocculated in large clumps, each droplet remaining discrete, no free oil being visible and the subnatant solution becoming completely clear of the emulsion droplets which float to the top of the solution as a white layer. I f emulsion is mixed with a protein concentration series, this clear tube with stable flocculated emulsion droplets rapidly becomes apparent. This concentration is approximately 0*15 % of protein per 1 c.e. of 5 % emulsion with 0*6 sq.m, of interface. This gives a figure of 2-5 mg. of protein/sq.m, which agrees well with th a t obtained for a strongly gelled protein monolayer compressed to its equilibrium spreading or collapse pressure (Schulman & Cockbain 1939) .
Further, an adsorption of protein in globular form can here be ruled out since the smallest globular unit would have a diameter of 55 A which is five and a half times greater in thickness than th a t obtained for the monolayer a t 1 mg./sq.m. and some two or three times thicker than the strong gelled monolayers giving maximum clarification of the emulsion. The emulsion particles have a mean diameter of 0*5/4 and one rarely obtains any particles in the emulsions used above 1 fit I t can be shown th at an emulsion will go on adsorbing protein beyond the monolayer concentration in a manner similar to the adsorption of the strong and thick gel films obtained from a floating protein solution a t the air/water and oil/water interface. This can be demonstrated more readily with pigmented proteins. Thus, the concentration of haemoglobin which can be removed by an emulsion to give a colourless solution is of the order of 10 monolayers in thickness. This can only be obtained by the use of a strong protein solution, i.e. 2 %. The structure of these films of adsorbed protein is at present not quite clear. W hether they are laminated monolayers comparable to soap films or adsorbed globular proteins must be established by work on biologically active proteins. The first view would appear more in line with the available facts since adsorbed haemoglobin comes off as parahaematin, showing th a t a change has occurred in the protein molecule which w ould be unlikely if it had been adsorbed in its globular form. This denaturation may, however, only occur with proteins which possess large oil soluble pigmented pros thetic groups. These might irreversibly distort the protein portion of the molecule by their separation at the oil/water interface.
Desorption of protein from charged oil/water interface
The experimental results described show th at a protein molecule can only approach a charged oil/water interface when the charges of the two colloids are of the opposite sign, and th a t the protein molecule occupies the same area a t the interface as a protein molecule in the form of a monolayer a t the uncharged oil/water or air/water interface. If a protein such as haemoglobin is adsorbed at pH 5-0 on a negative emul sion or at pH 8-5 on a positive interface, and the pH of the solution is now changed so th a t the sign of the two colloids is the same, repulsion takes place between the adsorbed protein layer and the adsorbed emulsion stabilizing agent (i.e. a t pH 10 and 4-6 respectively). W ith the pigmented haemoglobin the desorption of the protein back into solution again can be readily observed. The flocculated emulsion, which was red in the case of haemoglobin, becomes white again and redisperses to form a fine emulsion. The solution which was originally red becomes decolorized when the emulsion is added under adsorption conditions and the emulsion becomes red. This agglutinated emulsion can be washed with the appropriate buffer solution and then centrifuged. When it is placed in a buffer solution of the opp ~>site reaction, repulsion occurs between the ions of the stabilizing soap film and the ionized groups of the protein molecules in the mixed lipoprotein monolayer at the emulsion inter face. Under these conditions the protein molecule redisperses into solution again, and, in the case of the pigmented proteins, colours the solution. That this interfacial film is a mixed monolayer can be seen from penetration experiments at the air/water interface by injecting protein solutions under monolayers of ionizing compounds (Schulman, unpublished) . Work with the ultracentrifuge (figure 5, plate 5) suggests that the molecular weight and shape of the desorbed protein, parahaematin, repre sents a modified haemoglobin in which the position of the pigmented prosthetic groups and its attached groups have changed. This might be due to the reorientation of the porphyrin group on adsorption at the oil/water interface, so that on desorption it associates non-specifically with the protein molecule. From the osmotic pressures and membrane potentials as measured by G. S. Adair, the evidence shows that the charge but not the molecular weight has changed from th at of the original haemo globin.
Preferential adsorption of proteins from mixed solutions
From a study of figure 1 it can be seen that at pH 5-5 on a negative emulsion, haemoglobin will be adsorbed, but serum albumin will not. In a mixed protein solution at pH 5-5, haemoglobin should therefore be adsorbed leaving albumin behind in the solution. This occurs readily; the emulsion at this pH agglutinates into red floccules. When this flocculated red emulsion is centrifuged off and fresh emulsion is added, it remains suspended. B ut this emulsion gives a white flocculation if the pH of the solution is now moved to pH 4*6 showing th a t the albumin has now become adsorbed.
These adsorbed proteins on the two emulsion fractions can now be desorbed by placing them in an alkaline solution of pH 10. Thus it can be established th a t proteins can be preferentially adsorbed out of mixed solutions as a function of their isoelectric points, the sign of the charge on the oil/water interface, and the pH of the solution, and can readily be desorbed. Adsorption and desorption with large foreign prosthetic groups results in some change in molecular structure (figure 5, plate 5 and table 3), but it is possible th a t other protein molecules may be adsorbed and desorbed without any change in structure.
Work on possible changes in biological activity of ferments adsorbed in the form of monolayers and multilayers a t solid interfaces has been carried out by Langmuir and his co-workers. This work has been discussed and enlarged upon by Lawrence, Miall, Needham & Shih-Chang Shen (1944) .
The standardized flocculation technique can be used for the study of certain properties of proteins or for the separation of some protein mixtures. I t is also being used for the measurement of interfacial area in emulsions and for the determination of film structure a t the oil/water interface. This method is being employed in the study of fat particles during and after absorption from the intestine, and in the investigation of the factors concerned in the stability of particulate fat in the blood. The whole of this work is being continued and extended in order to determine the possible changes in the relationships between proteins and interfaces vitro and in vivo. Such changes undoubtedly occur in immunological and other reactions, and it is hoped th a t the study of the simple system described in this paper may be of assistance in the elucidation of more complex biological phenomena of a similar type.
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